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ABSTRACT

The addition of’ ultrafine scattering centers into Biy'I'ey-based
matenals and then inpact on the thenmal and electiical tra nspo 1t
p roperlics ina 200-500 K temperature 1ange are discussed.
Based on previous theot etical eflor ts, the resulting improvements
in the figure of ment o £ these heavily doped thermoclectiic
semiconductors were calculated as a function of composition,
tempet atui e, doping level, particulate size and concentration
Determination of the lattice ther mal conductivity of the various
alloys was conducted by consideting phonon-phonon, car ict-
phonon, point defect and inei ( scatter ing, cen ter scattering
mechanisms. Degradation of the clecttical propar [its due to the
increase scattering rate was also take ninto account  Practical
application of these 1esults is consider ed.

INTRODUCTION

Additions of tandomly distiibuted ultrafine particulates into an
other wise undisturbed single crystalline thermoclectiic material
have been  suggested e possible mechanism o scatte
intermediate wavel ength p honons and decrease the lattice thesmal
conductivity.  Calculations performed for Si-Ge alloys [ 1 -31]
deter mined that 10 to 40% improvement in the figui ¢ of menit z
might be obtained. Experimental work cond ucted onhot - pressed
p-type Si-Ge alloys with additions of Si;Ni, particulates SOA in
diameter  successfully  demonstrated the enhanced 1)110110117
scatter ing r1ate [4].

Application of a comptchensive model to the thermal and
electric.al transport propertics of bothn-typcandp-type Bi, Te,-
based alloys for thei full temperature 1ange of usefulness w a's
applied very 1ceently [5]. 1 ixpressions of all the transpor
propet ties of thier moclecttic semiconductors were derived from
the Boltzmann's transport cquation, using the i1claxation time
approximation [6]. This widely used met hod has been employed
with Jcrmi statistics to calculate carrermobility, clectrical




conductivity, carrictconcentration, 1 lall coeflicient, Seebeek
coeflici ent, clectionic and bipolar contribution to the ther mal
conductivity aswellasothertiansport coeflicients. 1 iflect of
minor ity car ict cond uction and complex band sti u ctures were
taken into account by the model: up 10 two conduction bands and
tw o valence bands were considered. “The two most common
carrier scattering mechanisms usually necessary to desciibe the
tra nsport propertics in these heavy doping conditions were
selected: acoustic phonon  scattering, and ionized impurity
scattering. Based on the relative changes in thermal conductivity
with the composition of the alloys, the model predicted maximuim
100112 temperature 70 of 30536 103K These  values
cot sesponded to about a 40% improvemenit above commer cially
available mat enials and a 1 o-» 0% inet case above the best1esults
reliably achieved in the laboratory on single crystalline sar nples.

In continuation of this work, the model was applicd to th e
calculation of the cha nges in lattice ther mal conductivity o f
Bi, Tey-based alloys by introducing inert scattenng ceraters
‘Their impact on the ther mal and clectiical tranisport propertices in
a?00-500 K telhj)ciatusc tangcare discussed Determination of
the lattice thermal conductivity o £ the vatious alloys was
conducted by consider ing phonon-phonon, carrier-phonon, point
defect and iner t scattering, center scatler ing, mechanisms.
Degradation of the electiical properties due (o the inclusions w as
also taken into account  The resulting improvements in the
dimensionless figure of me 1 it 271" of these heavily doped
ther moclectt ic semiconductors wer ¢ caleulated as a function of
composition, temperature, doping level ancl particulate size and
concentration,

THEORETICATL. APPROACI
Lattice Thermal Conductivity

Calculationof thelattice thermal conductivity was catried out
by using the Boltzma mn's equation for phonons and adding,
scattering, by ul tafi ne clectrically and thermall vy insulating,
inclusions to the three otb her scattering mechanisms  already
considered by the model: nonmal and Umklapp phionon- phonan
scattering, point defect scattering and cairier -phonon scattering,

The gener al expression [7] for the lattice theimal conductivity A,

is(l):
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where (1 ) Prepr esents the total phonon scattermg rate, 1, is
the relaxation time due to three-phonon Umklapp processes, 3 is
the ratio of the Umklapp to normal phonon-phonon relaxation

ho
imes and x is thereduced phonon fieq uenges,. I'he total
s
honon scattering rate s determined fiom (5)
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where 1,4 s the relaxation time due to point defect scattering and
1. is the relaxation time due to carricr-phonon  scattering,
Fxpressions for these relaxation times were given cailier [5].

The phononrelaxation time due 10 ultrafine scatterning centers,
assuming a spherical inclusion, is [8]:

NAv (6)
1

s
where N cotresponds to number o f inclusions per umt volume
and A is the closs-sections] atca of theinclusions  Rewriting (6)
it terms of ¢, the volume fraction of inclusions, and d, then
diameter, an expression (7) very similar to the one denved for
grainboundary scattering, [3] is obtained:
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This expression shows that the smaller the diameter and the
larger the volume fraction of mclusions, the higher the scattering
tate and thus the lower the lattice thermal conductivity.

Ilectiical transpott propettics

Corrections to the bulk transport propetties can be estimated,
by considering theoretical work done on the transport propertics
of heterogencous materials. Expressing the eflective clectiical
conductivity o as a Fousier series about the volumeaveraped
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value and considering an isotropic medium in which  the
variations in clectiical conductivity have no preferred ditection
[9, 1 0], onc obtains the following expression (R):

1 <Ao’>
o0 [+ - I (8)
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where og1s the volume-averaged value and <Ao?> coriesponds
to an integr ated aver age  of the variationsin conductivity.
Consider ing a composite mateiial consisting o f a continuous
matiix of Bi,Teq-based alloy of clectiical conductivity o, . and
of ultiafine scattering inclusions of clecttical conductivity o,
expressions (9) and (1 o) foro, and <Ao?> can be written as a
function oft, o, and o,
0,7 (1- ¢)o,, Teo, = (¢ )o, (9)
- PRSI . ? 2N o . ?
Ao Fre(l-c) (o, - ol )sc(l-c)og,, (lo)
Because the inclusions are peifect electn ical insulators, the
expressions of (9)and (1 0) were modified considering that o, .
» o Using (9) and (10), (8) can be rewnitten as (1 1), only
function of ¢ and o},

O Opny, (1- -4; ) 11)

From (11), it 1s clear that the larger the volume fiaction of the
inclusions, the larger the decrcase in clectiical conductivity.
Using a stmilar approach consideting perfect thermal insulators,
an analogous relationship (12) is obtained for the theimal
conductivity:

N Ay @ =) (12)

S0, in the case of peifect clectricaland thermalinsulators such
as voids, corrections to the electrical and the 11 nal conductivity
cancel cach other in the expression of 72’1 An identical end result
is obtaied in the case o f peifectly clectiically and thermally
conducting inclusions, by calculating the pertubations on the
clectrical and thenmal vesistivity this time | 101, The total ther mal
conductivity is determined by adding up the lattice (1), clect tical
(13)and bipolar (14) contributionsin (1 S):
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I , Lo .

Min” o, | i>i,oi0j (S;- 8711 (14)

)\. - 7\‘ | )LL_ ) }Lbil, (15)




where b.ois the Lot enz number, o, and s, aire the individual
clect rical conductivity and Secbeck coeflicient of cach valence ot
conduction band.

In (13) and (14), the clect 1onic contribution to the thermal
conductivity, &, « 7\\,”, _is aflected by the same correction to the
electrical conductivity as in (1 1) However, to be consistent with
(12), the lattice contribution to the ther mal conductivity (X))
needs t o be multiplied by the same factor in addition to the
expeeted deciease due to anenhanced phononscattering rate.

To estimate the cotrection to the Scebeck cocllicient, exact
caleulations [11] 1clating the effective clectiical conductivity o
(at zero temperature gradient), thermal conductivity v (at zero
clectne field) and Scebeek  coeflicient S to the  individual
contnbutions of the Bi, Te,-based matrix and scattering, inclusion
were used (16):
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Considering, that oy, » o, for clectueally msulating
inclusions, (17) is obtained:
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Or,
S = Siire (18)

CALCULATED TRANSPORTPROPERTIES
Improved fit to experimental data

The set of adjustable tra nsport patameters (suchi as eflective
mass, [ 1atio, diclectiic constant ) previously determined to fit
quite satisfactonily the retype experimental data onBiTey-based
altoys was used |5]. A new set of adjustable pa rameters wa s
obtained for p-type Bi, Te,-based alloys which resulted in a much
better overall fit of all the transport coeflicients, including 7T
This was achieved by including 7’Finthe sctof exparnmental data
to be fitted. The experimental data sets to be fitted consisted ofa
numbern of data points providing temperature o, composition,
clectrical conductivity o, 1all mobility 315, Scecbeck coceflicient S,
thermal conductivity A and dimensionless fipure of ment 72T
Dectenmination o £ the adjustable pa rameters was achieved by

S




minimizing the statistical ¥? functionin (¢ 9), using, a gencratized
non-lincar square fit technique [12}:
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whicie the different weighting factors w; are equal to 1 01 0
depending on whether the corresponding, experimental data is o1
is not known. The total numbet o f degrees of ficedom Ny,
indicates to what extenit the fit is over determined; and is
calculated as the total numbct of experimental properties
provided plus 1, reduced by the total number o £ adjustable
parameters:
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This approach was justified by the fact that 7 is a complex
combination of the other transport propertics.  No guidelines
w e r e builtinto the model to insure that the values of 7 weie
consistent with those calculated from cexperimental data, evenif a
good fit was achieved on the clect ricalresistivity, the Seebeck
cocflicient and the ther mal conductivity,  As a result, asingle
least-squar es fit simultancously applicd to ail of the sclected p-
type experimental data resulted in a root-mean-square deviation
between the calculated and observed values of aboutd 1%, aver y
1rematkable ag reement. This good agr cement between caleulated
and"experimental" 7271 value s is shownonkigure 1
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1 Improved fit to 77T values caleulated from experimental
Scebeck coeflicient, electiical resistivity  and  thermal
conductivity data.

Notice that the maximum 7 values are now well reproduced
by the model. Figures 2 and 3 display calculated 71 values as a
function of canicr concentiation, for various temperaturcs
(Figure 2) and vanious compositions (Figure 3).  As predicted
carlics [5], the maximum 71 values at 300 K are close to 1.05.
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Fig. 2 Extrapolated 7,°1’value.sat 200,300,400, and SOOK asa
function of = carier  concentr ation for  (Bi,Tey), -
(Sb,Tey), o-(B1,8¢y),  p-type alloy.
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Fig. 3 Extrapolated 21" values at 300K as a function of cat i ict
concentr at jon for sever a1l SbyTeg-rich (3 315,T¢y), 4 v
(Sb,Teq) - (Bi,Sey), D-type alloys.

Using, these two sets of adjustable par ameters, the model
calculated the new transpot ( proper ties values for a br oad 1 ange
of compositions, catrier concenti ations and temperatures, with
addition  of various volume 1 actions of spherical ultrafine
scattering centers of diflerent diameters.

Addition of ultrafine scattering, centers

Because Of the triemendous amount Of data gencrated by the
model calculations, the results presented in t hi's paper ate
1 estricted to representative alloy compositions, tempes atun cs,
volume fraction and diaincter of inclusions.  Also, caleulations
performed for bothn-type and p-type lli,’1'c,-based alloys
showed very little. differences in the magnitude of the changes
brought by the addition of the ult rafi ne scatfering, centers.
Therefore, only one graph (Figu re 9) illustrates the results for p-
type alloys.

Figure 4 describes the decicase at room temperatut ¢ of the
lattice thermal conductivi ty of n-type Bi)T'e,-based alloys with 6
volume 7/ , addition of inclusions of decicasing diameters.
Because the carrier-phonon scatteting was found to have very
little impact onthe 1attice thermal condeutivity [5], results are
shown for a constant cairicr concentration of about 1. 5x101% ¢y
3 About a 15°/0 reductioninlattice thermal conductivity s
obtained by adding 6 volume % of inclusions 20A in diamcter.
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Fig. 5 Lattice thermal conductivity with and without 6 volume
% of 40A diameter inclusions versus temperature for
BiyTey and (BiyTey), g (Bi,S¢4), 15 n-type alloy (cartier
concentiation =1.5x1012 ¢m-3).

Figure 5 shows the lattice thermal conductivity as a function
of temperature for both n-type BiyTe, and (Bi,Teq)g g5
(B1,S¢y), 15 compositions. For cach composition, there are two
sets of data, one corresponding to the material being fice of
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inclusions and one 1o the mater 1al with 6 volume % of inclusions
40A in diameter. Resultsare S now foraconstant cat | ic
concentration of about 1.5x10 e, These particular Values for
the size and amount of inclusions were sclected because
preparing such a material appears feasible (as is done on Sig,Gey,
matetial [ 1 3]) and also because 6 volume 0/0 is well within the
tange covered by the caleulated perturbations to the clectiical
propettics. Additions inexcess of 10 volume % are very likely to
degrade the proper [its faster than the rate estimated in the
previous patagy aphs. Figure S demonstiates that the relative diop
in lattice thenmal conductivity due t o the ultrafine scattering,
centers decreases rapidly as temperature incr case.  This 1esult
was cxpecled as the A approximately follows a 1! variation and
the traditional phonon scattering mechanisms become more
cflective.
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Fig. 6 Reductionin lattice thermal conductivity as afunction of
the volume fraction of 40A diameter inclusions for n-type
(Bi,1e3)0 4 5-(Bi;Sey), 15 alloy attemperatures of 200,300,
400 and S00K (cariicr concentration = 1.5x10' ¢in?)

The decrease o £ the lattice thermal conductivity with an
increasing vol ume fraction of 40A diameter inclusions is shown
on Figure 6 for the same n-type (Bi;1ey)g e s-(131,5¢4), 5 alloy
composition, Results are shown at a constant cariic
concentration of about 1.5x10" em™ | for temperatures dln),
300,” 400" and 500K Because the overall cotrections to the
clectiical resistivity and thermal conductivity (equations (11) and
(12) for mhomogencous matetials), th e reduction in Jattice
thermal conductivity diteetly translates mto an improvement in
71 To better visual ize this improvement, the relative increase i
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maximum 71" has been plotted at temperatures of 200, 300, 400
and S00K as a function of the volume fraction of 40A diameter
melusions. Figuies 7 and 8 show calculation results for an n-type
(B1,Tey)g g5- (Bi,Sey)g 4 alloy and a p-type (Bi,T¢y)g5-(Sb,Tey),
(Bi,8¢4), alloy, 1espectively. The improvement in maximum 7.1
(at optimum doping level) is very similar in both n-type and p-
type sample, due to the weakness of both the phonon-clectron
and the phonon-hole scattering 1ates.

7 and 8 convincingly show that a practical maximum
improvement  of  15-20% can be obtained at the lowest
temperatures. However, the benefits  of adding ultrafine
scatteting, centers disappear quickly with increasing temperatuie
as the phonon-phonon scattering rates increase rapidly (1!
vatiation of the lattice thermal conductivity). At the highest
temperature of use for Bi,Tey-based alloys, the relative
improvement in maximum 71" is under 5%,

Figures
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Fig. 7 Relative improvement in maximum 271 with increasing
volume  fraction of inclusions 40A in diameter for
(B1,Tey)q55-(B1,S¢4) 15 n-type alloy at 200, 300, 400 and
SO0K.,
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Fven if a 20% improvement in 7’1 a t 200K constitutes a

significant inc1 case, one should not forget that achieving such a

resultin practice on Bi,Tey-based alloys could be quite difticult,

From a theoretical point o f view, additional scattering

mechanisms need to be taken into account as 71" cannot increase

indefinitely with an increasing volume fiaction of inclusions. A

minimum lattice thermal conductivity cutofl’ must be introduced

in cquation (5) as the phonon mean fiee path cannot be reduced
too low.  Also, though no oveiall degradationin 7,717 (not
accounting for phonon scattering mechanisms which lower A, and
thus mmprove 771) is obtained for small additions of perfectly
conducting o1 insulating inclusions  (both  thenmally  and

clectrically), larger additions cannot be treated theoretically as a

pertmbation and other approximations are requited (percolation

theory). From a practical point of view, the preparation of good
quality Bi,Tes-based alloys with 6 to 10 volume % of 40A
diameter inclusions is a 1eal challenge. Such expenmental woik

is i progress on hot-pressed SiGe thermoclectiic alloys [13].

Some diflicult problems have been solved and some encouraging,

results have been obtained, but the nature and the reproducibility

of the improvements are hard to control. Oflen it is difTicult to
distinguish  between  eflects  due  to  grain size,  dopant
concentration o1 sample quality fiom genuine inert inclusions
scatterning eftects. High quality single crystalline or large grain
polycrystalline Bi, Tey-based materials are prepared by directional
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solidifi cat ion from a melt.  These alloys have anisotropic
properties, and highest 7 values are obtained parallelto the
growth direction [14). To prepaie 115,737 c-based samples with
additions Of randomly distributed ultrafine inclusions, the use Of
powdcr metallur gy techuiques is requited. Asa conscequence, it
is highly probable that any improvementin lattice theimal
conductivity will be negated by the losses in electrical transport
propet ties due to small and/or disoriented grains.

CONCLUSION

Building on the transport propertics m o d e ] previously
developed for 1)-type. and p-type 1]i,’1’e,-based alloys, collections
arid modifications were made tobothimprove the fit to the
existing experimental database andto accountfor the cffect of
the inclusions on all transport cocflicients. By imposing 71" as an
"expernimental”  transport properly to the gencralized fitting,
routines, a much better overallagreement between calculated and
experimental values was achieved, the model maximum 771
values of 1.05-1.1 at 300K

Detailed analysis o f the variations in bulk propetties (theory of
inhomogencous all oys) and phonon scattering rates (theory O f
Jattice thermal conductivity) showed that in the case Of perfect
clectuical and thermal insulator s, the changes in 71 depend only
on the decrease in lattice thermal conductivity.  Calculations
done with6 to 10 volume fiaction of 40A diameterinclusi ons
predicted thatabout15to 2000 improvement inmaximum 7.1 s
possible at low temperatures (2.00 10 30 0K) but that much
smaller increases, S to 1000, are likely athigh temperatures (400~
to 5001< ).” Althouph15 1o 20% improvementis notnegligible for
a state-of-the-al[ matcnal, practical considerations on  the
preparation and quality o f such samples withadditions Of
ultrafine inclusions drastically reduce its attiactiveness,
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